The interplay of strong single-ion anisotropy and magnetic interactions often give rise to novel magnetic behavior and can provide additional routes for controlling magnetization dynamics. However, novel effects arising from interactions between lanthanide and transition-metal ions are nowadays rarely observed. Herein Single-molecule magnets (SMMs) 1,2 have attracted intensive attention as potential materials for ultra-high-density magnetic information storage and quantum information processing. [3][4][5] Recently there have been some significant breakthroughs on dysprosium single-ion magnets (SIMs), resulting in large effective energy barriers (Ueff) and high blocking temperatures (TB). [6][7][8][9][10][11][12] [13] [14] [15] [16] There have also The main benefit of heterometallic d-f SMMs over homometallic species is the ability to exploit hierarchical energy scales such as the crystal field (CF), and d-d/d-f magnetic exchange interactions, which can introduce a higher density of magnetic states to provide additional routes for tuning magnetic relaxation pathways. It has become apparent in recent years that high-performance Dy III SIMs should be constructed with strong axial CF potentials and high-order symmetry axes (e.g. D4d, D5h and Cn>6), in order to suppress quantum tunneling of magnetization (QTM) by reducing mixing between opposing projections of the magnetic moment. 6 However, many of the recent developed species are coordinatively unsaturated and therefore usually highly reactive in air; 9,11-16 such inherent instability is a problem for progressing the field from academic research to industrial applicability, and therefore chemical stability under ambient conditions must also be a core goal for the community. 24 Therefore, we are keen to exploit a new strategy for designing 3d-4f
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SMMs that are stable under ambient conditions by marrying high pseudo-symmetry at the 4f ion with 3d-4f magnetic exchange. Considering the success of pentagonal bipyramidal lanthanide SIMs, [6] [7] [8] [9] [10] one strategy to achieve our goal is to place a 4f ion into a pseudo-D5h-symmetric pocket, with 3d ions located at the periphery. This design typifies what is known as a metallacrown (MC), that can be assembled into various congeners to afford different geometries by tuning ditopic ligands and transition metal ions. 25 Inspired by this concept, our aim was to employ a congener to build a ~D5h symmetric pocket for the lanthanide ion, and to also foster magnetic exchange between the 3d ions in the MC ring with the 4f ion in the center. In addition to the high-order pseudo-symmetry axis, the axial ligands should be rich in electron density to provide a strong axial CF and stabilize the largest magnetic states of our target central ion, Dy III . 26, 27 Suitable ligands include phenoxides, phosphine oxides, alkoxides, carbanions and cyclopentadienyls, which have been proven to generate excellent SMMs. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Among these, phenoxide ligands stand out as being relatively stable in both air and polar solvents, which is beneficial for synthesizing, investigating and utilizing molecular materials under mild conditions. still, the χMT product drops; this could be due to magnetic blocking, which is suggested by the divergence of zero-field-cooled/fieldcooled (ZFC/FC) magnetic susceptibilities below 6.5 K (Figure 2 , inset), or to subtleties of the low-energy exchange manifold. The χMT products measured under a 1 kOe dc field for 1 (red circles) and 2 (green circles). The solid lines are corresponding to the best fits described in the text. Inset: the ZFC(blue)/FC(orange) magnetic susceptibilities for 1 under a 2 kOe dc field sweeping at 2 K/min in warming mode.
To interpret the temperature dependence of the magnetic susceptibility of 1, we first proceed to interpret that of the orbitally nondegenerate analogue 2. As no zero-field splitting is possible for the local Cu II S = 1 /2 states, the magnetic properties of 2 can be reliably described using the well-known Heisenberg-Dirac-van Vleck (HDVV) and Zeeman Hamiltonians (Equation 1). To minimize overparameterization, electron paramagnetic resonance (EPR) on a powder sample of 2 is employed to determine gCu^ = 2.03(2) and gCu|| = 2.25(2) for the S = 1 /2 ground state ( Figure S13) Figure 1 and Scheme 1); two approximate groups of magnetic interactions is also supported by DFT calculations (see ESI). Therefore, we fit the dc magnetic data of 2 with the PHI program 29 using a two-J model ( Figure 2 and Scheme 1).
(1) Scheme 1. The illustration of magnetic exchange couplings for {YCu5} and {DyCu5}.
The best-fit of the data gives JCu−Cu = −44(2) cm −1 and J'Cu−Cu = −68(2) cm −1 with gCu^ and gCu|| fixed from EPR; the ratio of the fitted exchange values is in good agreement with that extracted from broken-symmetry DFT calculations (Table S6 and S8). This results in an S = 1 /2 ground state with a first excited S = 1 /2 state at 51 cm −1 (Table S9 ).
To proceed to modelling the dc magnetic data for (Table S11) 
As the exchange interaction between Dy III and Cu II is so much smaller than the Dy III CF, JCu−Cu and J'Cu−Cu parameters, the lowlying electronic states for 1 are well described as simple product functions between the Dy III and {Cu II 5} spin systems (Table S12) . Although the overall molecule is non-Kramers, many of the resulting states are pseudo-doublets; the low-lying states are sequential excitations of the {Cu II 5} spin system (Table S9) Given that 1 shows magnetic hysteresis, we have studied its magnetic relaxation properties. Alternating-current (ac) measurements show clear temperature-and frequency-dependent out-of-phase signals ( Figure S4-6 ), from which we extract the relaxation times (τ) for 1 by fitting with the generalized Debye model ( Figure S7 ). Under zero dc field, an Arrhenius plot reveals two linear regions ( Figure  6 , red circles in green and red zones), characteristic of exponential temperature dependencies. [Analogous ac measurements for the yttrium analogue 2 do not show any signs of slow magnetic relaxation under zero field, revealing that this behavior cannot owe to the {Cu II 5} ring alone.] Applying an optimized field of 2 kOe (Figure S6 ), the resulting relaxation times also exhibit two linear regions ( Figure  6 , blue circles in green and blue zones). Both datasets in the high temperature region (64-45 K) are nearly identical, while those in the low temperature region (<45 K) are very different, revealing three different slopes in all. We note that these relaxation profiles do not show power-law dependencies (as they all curve on a log-log plot of τ −1 vs. T, Figure S9 ) and thus cannot be ascribed to Raman-like processes ( Figure S10 ). Given the large change in the relaxation profile under an applied dc field, we were curious about the relaxation dynamics under an intermediate dc field between 0 and 2 kOe. With an applied dc field of 500 Oe, we curiously observe three unique domains in the relaxation dynamics ( Figures 5 and S8 ), which also all show exponential temperature dependencies ( Figure 6 , green circles). At high temperatures, the relaxation times are nearly identical to the 0 and 2 kOe data (green zone), and below 45 K the slope becomes smaller and appears very similar to that under 2 kOe (7-45 K, blue zone). On further lowering the temperature the slope decreases again (2.5-6 K, red zone), and is parallel to that observed under zero dc field (2.5-45 K, red zone). Similarly to the 0 and 2 kOe data, these three domains are linear on an Arrhenius plot and are curved on a log-log plot of τ −1 vs. T (Figures 6 and S9 ) and thus clearly have an exponential, and not a power-law, dependence on temperature.
After observing three distinct domains in the 500 Oe relaxation data, we were curious if the dynamics under a 2 kOe field would also show a 3 rd domain at lower temperatures. Indeed, dc relaxation experiments at 2 kOe ( Figure S12 ) yield relaxation times that show a low slope between 2.5-5 K (Figure 6 , blue diamonds in red zone), similar to the zero dc field (2.5-45 K, red zone) and 500 Oe (2.5-6 K, red zone) data. The presence of three unique exponential processes contrasts to the more common observation of either one or two processes combined with other relaxation mechanisms, [6] [7] [8] [9] [10] [11] [12] or the different case of multiple relaxation times under the same conditions. 13, 16, [32] [33] [34] [35] All three datasets can be fitted simultaneously with a sum of three exponential terms (Equation 3), with three common exponents (Ueff) and field-dependent pre-exponential factors (τ0). We note pre-emptively that the phenomenological Ueff are not necessarily
) K), and
Ueff(3) = 5.2(2) cm −1 (7.5(3) K), with τ0 values in Table 1 . The best-fit parameters (Table 1) show negligible field dependence for the pre-exponential factors of the 1 st term, τ0 (1) , as expected given the data are practically coincident. However, we observe a marked field dependence for the other two, τ0(2) and τ0 (3) . The large exponent (Ueff(1) = 623(22) cm −1 ) for the 1 st process is believed to be due to a true Orbach relaxation process involving the CF states of the Dy III ion, and relaxation likely occurs via a set of highly mixed states at 510−611 cm −1 (Figure 3a) . To the best of our knowledge, Figure 3b and Table S12), and therefore these relaxation mechanisms could conceivably involve combined Dy III and Cu II spin-flip processes. However, we do not endorse such an assertion without reservation, and undoubtedly a thorough temperature-and field-dependent study is necessary to determine the nature of these two relaxation processes.
By utilizing a [15-MC-5] metallacrown and salicylaldehyde ligand, we have prepared a unique 3d-4f SMM with ferromagnetic 3d-4f interactions. In conjunction with DFT and CASSCF-SO calculations, we have modelled the static magnetic properties of the molecule, providing a plausible origin for the steps in the magnetic hysteresis at 0.4 T. Intriguingly, we observe three different exponential relaxation processes, the largest of which has Ueff(1) = 623 (22) are central to these dynamics. Unraveling the nature, origins and implications of these three distinct relaxation domains will be the subject of an upcoming full study.
S1. Experimental Section
Materials and Physical Measurements. The ligand H2quinHA was synthesized as literature described. 1 Metal salts and other reagents were commercially available and used as received without further purification. The C, H, and N elemental analyses were carried out with an Elementar Vario-EL CHNS elemental analyzer. Powder X-ray diffraction (PXRD) patterns were performed on Bruker D8 Advance Diffratometer (Cu-Kα, λ = 1.54056 Å). Thermogravimetric analysis (TGA) was carried out on a NETZSCH TG209F3 thermogravimetric analyzer. Magnetic susceptibility measurements were performed with a Quantum Design MPMS-XL7 SQUID. The ZFC-FC (0.2 T, 2 K/min), hysteresis (0.02 T/s) were measured on a Quantum Design PPMS. Polycrystalline samples were embedded in vaseline to prevent torqueing. Data were corrected for the diamagnetic contribution calculated from Pascal constants.
Single Crystal X-ray Crystallography. Diffraction data were collected on a Bruker D8 QUEST diffractometer with Mo-Kα radiation (λ = 0.71073 Å) for complexes 1 and 2 at 120(2) K. The Data indexing and integration were carried out using a Bruker Smart program. The structures were solved by direct methods, and all non-hydrogen atoms were refined anisotropically by least-squares on F 2 using the SHELXTL program suite. 2 Anisotropic thermal parameters were assigned to all non-hydrogen atoms. The hydrogen atoms attached to carbon, nitrogen and oxygen atoms were placed in idealised positions and refined using a riding model to the atom to which they were attached. The SQUEEZE program of PLATON was employed to deal with the disordered solvent molecules. 3 The solvent accessible volume and the number of residual electrons per unit cell is 330 Å 3 , 89e and 342 Å 3 , 87e for 1 and 2, respectively. The elemental analysis and thermogravimetric analysis were applied to determine the disordered solvent molecules as three water molecules, which are consistent with the analysis results of SQUEEZE. CCDC 1563751 (1) and 1563752 (2) 
S2. Crystal Data and Structures

S4. Theoretical Calculations
Broken-symmetry DFT calculations.
To obtain an estimate of the magnetic coupling between the copper centres, we performed DFT calculations on the experimental crystal structure of YCu5 with no optimisation in Gaussian09d, 4 using the well-known B3LYP 5 hybrid functional and the following basis sets: LANL2DZ 6 pseudopotential for yttrium, cc-pVTZ 7 for copper and cc-pVDZ 8 for all other atoms.
We assume the isotropic Heissenberg-Van Vleck-Dirac (HDVV) model spin Hamiltonian to be a good model, and proceed to map the expectation energy values of the different ferro-(FM) and antiferromagnetic (AFM) solutions to the exact non-relativistic, time-independent Hamiltonian. This is formally the same as employing the eigenstates of the simplified Ising model spin Hamiltonian. The molecular structure suggests that one may expect two different magnetic coupling constants within the Cu II 5 pentagon, which can be represented by the following HDVV Hamiltonian, where , and , are the indexes of the syn-syn (3 pairs) and syn-anti (2 pairs) pairs of Cu ions, respectively, accounting for the orientation of the pyridine ligands. Making use of the set of functions presented in Table S6 , one can obtain expressions for the HDVV expectation values in terms of the magnetic coupling constants (Table S7 ). Combining the calculated energy differences in Table  S6 with the associated analytical expressions in Table S7 , one can solve all set of linearly independent equations to obtain the different coupling constant values, as reported in Table S8 . While there is some dispersion of and O , our DFT calculations give = −98(4) cm -1 and O = −66(9) cm -1 , supporting a two-J model for fitting the magnetic data. The ratio O = 1.50 from DFT is consistent with that found experimentally of O = 1.55. Table S6 . DFT computed energies and corresponding energy differences with respect to the ferromagnetic solution.
The ordering of spins in the functions is the same as in Scheme 1. Labels are used to indicate which energy differences have been used in Table S8 .
Energy (a. Table S7 . Specification of FM and AFM HDVV expectation values and associated energy differences used to extract the two different magnetic coupling constants. Note that the ordering of spins in the functions is the same as in Scheme 1, and the one to one correspondence with the entries in Table S6 . 10, 11 were used with VTZP quality for the Dy atom, VDZP quality for the nearest oxygen atoms and VDZ for all other atoms. The two electron integrals were Cholesky decomposed with a threshold of 10 -8 to save disk space and computational resources. The state-averaged CASSCF orbitals of the 21 sextets were optimised with the RASSCF module. These orbitals were then used to obtain the 224 quartets by means of a configuration-interaction-only (no orbital optimisation). These two sets of spin-free states were then used to construct and diagonalise the spin-orbit coupling Hamiltonian in the basis of 21 and 128 sextets and quartets, respectively, with the RASSI module. The crystal field decomposition of the ground J = 15 /2 multiplet of the 6 H term was performed with the SINGLE_ANISO module.
12 Table S10 . Crystal field splitting of the 6 H15/2 multiplet for Dy in DyCu5, calculated with CASSCF-SO. 
Ab initio
